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Preamble

In order to predict and understand the performance of structural
materials, it is necessary to recognize that all materials are
chemicals--the surprise is not that they fail, the surprise is

that they work.

This presentation is based on the approach that the principal
features of chemistry, thermodynamics and kinetics, should
underlie the design and operation of nuclear power plants.

While configurational design is necessary for achieving functions,
this does not assure long life nor freedom from accidental
degradation. Responsible design requires sophistication in the
Integration of both configuration and chemical integrity

of materials of construction.




Main concerns in corrosion

. Release of activated species from surfaces in the primary systems

. Formation of oxidizing species in primary system due to
radiolysis

. SCC in vessels, piping, tubing
. FAC in secondary systems

. Concentration in superheat locations, transformations, boric acid at
leaks, hydrazine forms low valence sulfur

. Deposit accumulation in secondary system




Early failures in nuclear plants
In steam generators
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Undetected failure of bi-metallic weldin primary
system at nozzle and pipe intersection

SCC at weld of V.C. Summer plant found in 2000

Alloy 182 “butter” SCC front
OD surface Leak
__~ Inconel 182/82 weld
iy
/

RCS SA-376/74 2.33"

min.
CStainless steel T
cladding I

Type 3044N pipe
a
D surface

. Extent of circumferential crack
Ll
(29" nominal) Starts at carbon steel




Davis Besse corrosion of pressure vessel head, 2002

(a) (c)
Control rod drive Mozzle #3 with insulation removed
mechanism \ and shielding installed 03-16-02
Aren of reactor vessel i -_..-'-1-
head degradation \ e
Reactor vessel head
i‘“’“ Iaﬁ‘“ ————————

i =l | == =] === =&

.......

Reacior vessel
head carbon
steel portion

| (d)

MNozzle #3 cleaned

[

Reactor vessel heai S
siainbess sieel cladding iyer

(b)
Boric acid and LiOH
concentrate and are corrosive
High LPSCC
susceptibility

¢a11 ~311cem ¢ws

H Reactor vessel
head, carbon
steel portion

3.18-9.53 mm {ILI25"-0.375")
stainless steel cladding layer

High residual
weld stress




Large components

Stall components

d/]: Proliferation of

Alloy 600MA SG
i tubing failures
(1965 to present)

Sensitized stainless steel
piping (1968-1990)

N Baolts (1975 to present)

O Duane Arnold (1979)
Leaks from primary boundary
i (1985 to present)
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Mars Fontana, Professor and Chairman,
Metallurgical Engineering, The Ohio State University, 1945-1975

Family Tree

John Chipman
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LWR Systems, Materials, Environments




Materials and components in PWRs

Primary Circuit Secondary Circuit
Anti-vibrati 5
gl;u:.lgmt?{%h;; Steam dryers: Carbon steel  MSR: Turbine:
Vessels sl dteel. ' 304 58 439 ferritic steel * Rotor: low alloy steel
T b e * Blades: 17-4PH, 403 55

Clad: 308, 300 SS SG vessel wall: + Blade attach: low alloy steel
+ 55 to 85: 308 588 Sﬂmx};‘ Eleciric ; RS
» Steel to 8S: 308, 300 Steam B P T——

CRDM housing: lﬁ"; _ * Retaining ring:
Alloy 600OMA, 620TT . high strength,

. high toughness
rower * COpper
Transformer CONUUCTOrS

Closure studs:
Alloy steel
Vessel:
= Alloy steel
= Clad: 308, 309 55

L5 5 andensen em—
sijaas ~_——— Condenser tubes:

Cienerator A e TiorSs

Control rod; :ﬂf Tt tul::?es -

= S5 clad =/ Pump T e Condenser tubesheet:

* B,C+ 58 poison ' J! i * Cathodic protection
Core structurals; ! E;i ol Sl or titanium clad

304 85 W Condenser structural:
Hizh strength: o5 Water side: carbon steel

A 286, X 750 :

Fuel cladding:
Ly-4, advanced Zr
alloys
Fuel: UO,

Cooling Water: River or
Sea Water, Cooling Tower

Primary piping:

308, 300 88 ar .
Pump materials: Divider plate: SG tubesheet: Preheater tubing:
= HiStr: A 286, 17-4 PH, X 750 Alloy 600 Low alloy steel 34 88

» Structural: 314, 316 88

] Bl as SG tubing: Tube supports: Secondary feedwater piping:
» Impeller housing: cast
stainless e Alloys 600MA, 405 85 Carbon steel

GO0TT, 620TT,

|00 Welds:

Steel to S8: 82,182




Bulk water chemistry in PWRs

Primary Water Chemistry
Role Species | Concentration
Bon | HyBO; (1500 ppm to zero
pHadjust | LiOH A'?'_j]“_giﬂp‘[‘_‘!‘:"’t
Minimizc
radinlytic H, 25-50 TP co'kg
i . :
Oxygen 0, =35 pph
cif’:ﬂrﬁzl:“t“ Fe,Ni,Co|  Nospec.
Contaminant|Cl, 30, F|Each < 0,15 pph

Primary Circuit

Residual stresses:
* Welds, at vield stresses
o Cold bends, at vield stresses

345°C, 2250 psi

Pressurizer :
Hteank

Irradiation
» Maximum 1x10'¥ niem2-sec

Internal
environment
in fuel: 11, Cs,
Ar, Kr, Xe
Primary Coalant
295%C 327°C, 21250 psi

Saturated steam:
<[(L05% moisture

Secondary Water Chemisiry

Bulk PWR Environments:

L

R e

Raole Species| Cone., pph

pH control NH;, =X

04 decrease N;H =8x0,
Leaks a, =10
AR
Corrosion Cu =1
product Fe <5
Na =5

Contaminant| Clh <10

50y =10

Water Chemistry, Stress, Thermal, Radiation

Secondary Circuit

High-velocity fluids
produce FAC

Electrie
Power

285-200°C, 1000 psia

il
7| Fusdwy

A
:}t'l 3 Power
* Transfarmer

&

Condenser
Pumap

ot

S05C, 1200 psi
227°C, 1000 psia

Wator: River ar
o, Cooling Tawer

k Oxyvgen and impurity entry

- through leals at seals and
Wt perforated tubes

s0eC




BWR Components and Materials

Steam separator Steam outlet nozzle:
amd dryer: Carbon steel
* Components: 304 55 Steam piping:
Closure studs: * Welds: S08L Carbon steel Turbine:
Alloy steel * Rotor: low alloy steel
watﬂr-steam cﬂ'lﬂill g—‘vater = Blades: alloy !it‘l:ﬂ
Vessel plates: Circuit Circuit « Attachments: low alloy steel

* Low alloy steel
* Clad: 309 88 Mouisture :
Separator Elu.'l_m: o
Steim Rehenater Power -

Fuel supports: T SRR, T T

Wrought or cast 55 Stedm i | nﬂ Low- FAN P

Divers [ i gl‘.'gumm' '_l'nnnsfonner

Fuel: Stem P".Eh | ]_ -l'"b': l Generator g

* Cladding: Zr-2 Separators (i i ki ol ‘.I-“‘-:'il ““““‘”’I

* Fuel: UO, L _ Turbine ﬂﬂéj Eﬁﬁﬂﬁﬁ EEBQE (Pl

F%(-"iﬁﬂﬂ"l‘ | i 5 R PEER LR |
parger ) A “-'{ “omlensen )

Core shrowd: ysihi-a i Condenser tubes:

« Plates: 304 S8 Mﬁﬂﬁﬁmgﬁ : e Ti or Stainless steel

» Plate welds: 308/308L .. | T

* Springs: Alloy 750X Pump T Condenser structure:

J d Carbon steel

Core support structure: E 2 | Preheater

304 58 . m
Jet pumps: Cﬂnm i Cooling

* Piping: 304 S8 Pump Water

« Welds: 308L

= Hold down bar: Alloy750X Feedwater safe

t:‘:; - 60 Cnnlh% Water: Hiver or

Control rods: oy GO0 Sea Water, Cooling Tower

= Blades: 304/316 85 CRD safe ends: Feedwater thermal

* Poison: B,C 316 88 sleeve:

CRD stub tubes: - Alloy 600
« Alloy 600 Dissimilar metal  Feedwater sparger:
* Upper weld: 182 welds: « Components: 304 55 Preheater tubing:  Feedwater piping:

» Inconel-to-Inconel: 182 Safe ends; 182/82 * Welds: 308L Stainless steel Carbon steel




BWR Bulk Environments

BWR Water Chemistry
. Conc., ppb
Role Species B Ll
Radiolytic oxyeen,
h}rdrugyen pergﬁde 0, H,0, <200
; Fe <5
278 - 288 °C High Nuid velocities ?1?1:1?18:?3?“ Cu <020
1020 psia produce FAC Contamination - :
impurity Cr +50, R
Conductivity = 0,15 pSiem

Water-Steam
Circuit

P

Residual stresses:
* Welds: At yield stresses

Cooling-Water Circuit

Moisture :
Separator Electric
Rehenter Power

« Cold Bends: At yield stresses

Stesum

Irradition:

; Feedwat
Maximum: 10" ¥n/cm?, sec sk

piriorndoini

Recirculating
Pumps Il

| | Reactor

Fuel:
* Cladding: Zr-2
* Fuel: UO,

é
|

Internal environment in fuel:
I, Cs, Ar, Kr, Xe

220 °C

2 :‘ﬂll::i'::
I.i i

SCondenser

Oxygen and
impurily entry
through leaks at
seals and

s perforated tubes
‘soling

Candenser Water

Pump

| Couling Water: River or
Sen Water, Cooling Tower

50 °C

180°C =30 ppb O, for FAC




General view of damages iIn PWRS Secondary Chemistry and Corrosion

* Amines to raise pH and reduce iron deposits.
» Hydrazine added to

SCC both primary, secondary Ml
Physical in Primary minimize oxygen

* SCC and CF « High velocity flows  Low hydrogen in steam
 Cold work accelerates SCC g 1ty TK raises potential
produce vibration Hvdrazi q
» Weld structures with high - * Hydrazine reauces
* Single phase water : .
cold work and residual stresses Abg t220°C et +6 sulfur impurities to -2 sulfur
, . » Abou outle . i 4
Primary Chemistry Fimany femberatures Lead from feedV\_/ater_and other |mpur|t|e_s
— — P y temp accumulate (resins) in superheated crevices
* Boric acid add_ltlons to water « About 340°C in pressurizer « Shutdown impurities
as neutron poisons * Flow assisted corrosion, hydrogen produced
* Boric acid leaks concentrate boric acid  primary cireuit Secandary Circuit

Mokiare

Ekesiric

Fower

on outer surfaces and produce
concentrated boric acid on outside

* Lithium hydroxide additions
counteract acidity of boric acid

 Radiolytic oxygen and
hydrogen products

Craling
Waler

» Hydrogen added to counteract || &5 [&] | - | — 0~ b
radiolytic oxygen B _t i

S — o, v e Solids, Damage on Secondary
* Deposits on free surfaces reduces

flow and increases corrosion in
superheated crevices

* Superheated crevices at TSP
 Superheated crevicesat TTS
* Tube vibration due to high flows

Radiation and Flux

* Neutron flux produces displacement
reactions, vacancies, interstitials

» Gamma flux produces local heating

* (n,a) reactions with nickel produce He bubbles and increase volume
* Release of activated chemical species from corrosion, accumulate

* Axial offset anomaly from deposit of boron compound on fuel




BWR Components

Water-Steam Circuit Cooling-Water Circuit

Moisture

Separator Electric
Steam Reheater Power = " il
Steam El ] Low- % \
Power
Dryers : Pﬁﬁ:ﬁe * Transformer
' Turbine Generator  gpq
Steam
Separators I
Feedwater | bugias M G0
Spﬂrgﬁ' | dgai, ‘Cﬂﬁdfnse!" i,
Recirculating R 11 : T Wb i

Pumps (: T Reactor] |

A Cooling
Internal Water

Pumps

)

Condenser
Pump

Pump

nntr'u]
Rods

Cooling Water: River or
Sea Water, Cooling Tower

Much like PWRs except to SG
and boiling on fuel surfaces

* Noble metal additions

» Hydrogen additions




The Fe-Cr-Ni alloy system--
backbone of nuclear
power except for fuels and condensers




Chromium _ _
Materials basis

for nuclear power
structural materials

20 g
40 / 2,
o, G,
— (Iz'l"‘(*l-
ey Y
Ll / /- 2
+o+ \/ By
AL
Type 304
AW o 2.
e AATypel LYPe
Type 430 ;‘.ﬂu 33;}[;@ 310 Alloy /Alloy &%~
Type 410, 405—= A / 800 © 825 -ﬂ?
Carbon ‘11 oy \/
Steel
ee \--"“\ ; 1 T ¥ 7 ; : ¥ . .
Iron I 20 40 60 30 Nickel

Type Type
409 316




Aqueous Thermodynamics--
potential/pH diagrams
or “Pourbaix Diagrams”

e Dominates all of corrosion and
water chemistry treatment in LWRs

* Provides unguestioning framework
for Kinetics




\

Marcel Pourbaix--developer of the E-pH diagram and
other thermodynamic correlations




E-pH (Pourbaix) Diagrams

EéznlDI23456?BEIDIIIEIEMISIE
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E[wz.\ |2
18] “ 118
16} @t 118
141 $:d- T
12 b) -l |
T Fevtt @ @
1L P Py
D,E: _IEFE.DH*‘hC;?Wq:::‘"ﬁ
0| @1
0.4[ %) TS Fe(OH)}
02

o Tl
- — ' i
-0,6 ;% N @
Fé&-
-0.8] s~ @ 5]
-1 : bl Fe 0]
" [} -
1,2} Fe @ -3
I
1,4 l
i
-1,6L |
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Fici. 4. Potential-pH equilibrium diagram for the system iron-water, at 25°C
iconsidering as solid substances only Fe, Fe 0, and Fe,0,).

pH

¥

» Connect chemistry of reactor
with stability of materials

* Provide bases for selecting
corrosion resistant materials

* Provide criteria for roles of
oxygen and hydrogen

 Provide bases for minimizing
release and deposition of
corrosion products at low solubility
locations

 Provide bases for superposition
of E-pH diagrams for various
alloying additions to assess
probable effects of additions

 Provide bases for expected
reactions of metals with
environments




The E and pH coordinates for E-pH Diagrams

Potential:

 The potential is a measure of the force required to remove electrons from atoms
and lead to soluble ions.
» The electrochemical potential of interest is in the range of about -2.5 to +2.0 volts.

 The potential is defined relative to the H,O/H, equilibrium half cell

 Laboratory measurements of potential are often obtained with reference
to Ag/AgClI or Hg/Hg,Cl, . These reference cells are ionically connected to the specimens but

no current flows in this circuit owing to its high impedance.
pH:
» The pH affects mainly the stability of surface oxides or other protective compounds.

» Often surface oxides are unstable in both acidic and alkaline directions
but the regions of stability of these oxides may vary from small, e.g.

Zn or Pb, or very broad, e.g. Sn, Ti.

 pH basically affects the solubility of the compounds the log of which is
linear with pH with slopes in the range of £ 2.0 or £3.0

* The solubility which is conventionally taken as the boundary for corrosion purposes is 10 M.




E-pH

diagram for Fe

Superposition of E-pH diagrams for Fe with water

(a)

Lﬁ/ﬁ;ﬁ
e

+

Fe
=04

Potential, volts

FpiQH),

L)

=

\

E-pH
diagrams for
Fe and water
superimposed

Potential, volts

-4 |

-LH

LI

-L6

"'z\\ﬂl ] ;\; oo

f

Potential, volts

(b)
o Liberation of oxygen
“{bl and acidification
H,0 R g

Thermodynamically stable

- -, H20 region of water at T atm,
o

Liberation of hydrogen
and alkalization

E-pH
diagram for
water




Fundamental bases for half cell reactions in E-pH diagrams

Oxidation half reactions for Fe and H

Fe=Fe* +2e
H,=2H"+2e"
Whole cell reaction for reactions of Fe and H

Fe+2H" +2e =Fe* +H,+2¢

Use the chemical potential, £{; , for evaluating the total chemical potentials
w.=u"+RTIna,

AG=) 1 =) y°+RT) Ina =AG°+RT ) Ina,

Where:
AL = chemical potential of ‘I” AG

,Ll? = standard chemical potential of “1”

= free energy change
AG ° = standard free energy change
E, =electrochemical potential in

a; = activity of *1” equilibrium with activity of species
R = gas constant Eg = standard electrochemical potential
T =absolute temperature F - Faraday constant

N =number of electrical equivalents




Iron half cell
Fe=Fe® +2e.,
Hydrogen half cell
H,=2H"+2e,
Whole cell for iron/hydrogen equilibrium
Fe+2H" +2e, =Fe* +H, +2e;,
Chemical potential of the ith species

#; =’ +RT Ing

Gibbs free energy change for chemical and electron species

AG, =AG,. +AG

Gibbs free energy change for chemical species
AG,,, = Zﬂ.c Z“.c +RTZIna = AG? + RTZIna

Gibbs free energy change for electrons

AGye =Dt =D 4° +RT D Ina,, = AG +RT D Ina,,

chem elect




Standard chemical Gibbs free energy change

MG =i, 4t = (i, + 24 )
Free energy for electrons

[.r.]
AG, =2y, —21ey +RT In
F H [aeH]

Taking the Gibbs free energy change to be zero at equilibrium

—zuepe+2ueH—RTln[‘*Fe] ° +uiz‘(“‘;+2u°+)*RT|n [ Jlow. |

H oo
o] o]l T
[ ] 0 0 [aFe2+ ][aHz ]
0=2u;r — 24, +RT IN=—— +,u (. +24° FRTIn
R R I RT e

Dividing by Faraday’s constant, calories/volt, and converting to base 10 logs

E, =E° + 2381 og [oov- J2v. |

DL W | |

By definition, taking the activity of hydrogen as one atmosphere and the activity
of hydrogen ions as unity, an equilibrium expression for the iron half cell is:




Physical Meaning of Potential

Fermi level of
electrons in standard
hydrogen half cell

Fermi level of
electrons in iron E, (Fe™)
equilibrium half cell

Equilibrium iron cell Standard hydrogen cell

Potentiometer

f E=E, (Fe™)
\_ 1__/\._;:1:_,-\._}“& foiih A} :
FE++ _/

E 4
\_J Conductive — W
bridge
—1 Atm. H,

Fe




The thermodynamic map of corrosion: potential (E) and pH

Tonic Fe2*

Metal is soluble

Metal corrodes

Insoluble
Fe304 FeyO3

Metal forms
msoluble
compounds

Metal is

Horizontal line
depends only on

potential
T FEI+
E Fe'
—
pH

Noble Fe!
Metal is not soluble

Metal is noble

passivated

Vertical line
depends only
on pH

T Fe' | Fe(OH);

e

pH

=10
R Ty
-1 Hlﬂ 3‘
B
= Fe
2
=
- 5 e,
g E H,0 PEZOS
] = | T ; F.E2+ 4
SE Hy Passive
% Cnrmsiﬂn'/
E -1-‘--‘-'FE3 4
E / u \Q_IFEOE
= Fe ;
Noble Corrosion

pH

muis solubility by breaking M-O bonds
in oxides and deposits)

Sloping line involve
reactions depending
on both pH and E

T FﬁjO“
E F\

e

—_—

pH

* Potential, E, removes or
adds electrons

* pH solubilizes or
insolubizes surface deposits




Approach to calculating and organizing
diagrams of potential and pH




Procedure for establishment of E-pH diagrams

1. SUBSTANCES CONSIDERED AND SUBSTANCES NOT CONSIDERED

Oxidation

number
1Z£)

Sohd substances 0
==

—+ .67

Dissolved
substances +

Considered

Fe

FBO ll}'d]'.

Fﬂa O,ﬁ_ anh.

F'ﬂz 03 allll .

» hydr.

P
HFeO;

li‘u-i—+-|—
FeOH++
Fe(OH)3

Mot #"cal.)
considered
- 0
— 58880 (2)
FeO anlh. i
- —242 YN
FHEOQ.Z‘HEO -

= Lo, — 157 100

|
]

. — 161930 (4

- — 20 3N

. — 0627 (%)
FeO3- -

- — 2530

- — 200

- — 1006 200)
Fe O3 -
Fe(O+—+ -
FeO3- -
FeO%

- —111 6857 (%)

WName, colour,
crystalline system

a-Iron, light grey, f.c.cub.

Ferrous hydroxide Fe(OH),,
white, rhomb.

Ferrous oxide, black, cub.

Magnetite, black, cub.

Hydrated magnetite, green—
black

Haematite, red-brown, rhomb.
or cub.

Ferric hydroxide Fe(OH),, red-

brown, f.c.cub.

Ferrous 1on, green
Dihypoferrite ion, green
Hypoferrite ion
Ferric ion, colourless
Ferric ion, colourless
Ferric ion, colourless
Ferrite ion

Ferryl ion

Perferrite ion
Perferryl ion

Ferrate ion, violet




2.1. TWO DISSOLVED SUBSTANCES

2.1.1. Relative stability of the dissolved substances

L =4

+a->=4 0
8.
+3or U

.

(0.

I1.

[Pt -+

];‘“ 14 4

+2H,0= UFeO,

+ H, 0=

+ 31+

FeOH+++ [

FeOllt v+ H,0O= 1e(OI)l + Il

HFeO3;

Fe+++

FeOH+++3H, 0=

Fe{OH)] +2H, 0=

+4H20=

= Fe O+~

= Fe(OH)

FeQ;-

FeO,~

FeO7~

FeOy~

+ H+

= Fe(OH) +2H+

+5H+

+8H+

-+7 1+

+~6H+

-+ e

-+ e

+qe

+3e—

+3e—

+Je—

(HFeOy)

log (Fer+)

(FeOH++)

= — 3108 + 3 pll

log Fervs) = 2.43+ pH
. (Fe(OH)3) y
IDUW = — 4.0 + ]IH
. - {FE"“""'}
l" = 0+JT1 +0.0591 lﬂg -{R?F}_
Ey= 0.914 —0.0591 pH +0.05H log (—-——F(EPE)H+;)
e—l--l-
. Fe(OH)))
Ey= 119/ —0.1182 _ , (Fe(OH)s)
0 82 pH +0.05H log Fe)
Fy = — 0,675 +0.0591 pIf 0.0 (Fe(OH);)
" +0.00H pH +0.03M log [{Fe05)
liy=  1.00f —0.0738 pH 0. (FeOyT)
0 pH +0.0148 log (TFe05)
. i (Fe Q37
L|:|.— i.?ﬂ'ﬂ—ﬂ*lﬁﬁﬂ 1]'[ + 0.(H97 ]Db -(FET:‘E
Ko  1.652— 04979 . (FeO:7)
0 ) 179 pH +0.0197 log FeON++)
o=  1.559—0.1182 pH 4 0.0197 log ¢ 03 )

(Fe(OH)})




11.2. Limits of the domains of relative predominance of the dissolved substances

N —
i"l

Fe++ /HFeO;
Fe+++ /FeOH++
FeOH++/Fe(OH)}

Fe++ /Fg+++
Fet+  /FeOH++
Fet+  /Fe(OH)}
HFeO3; /Fe(OH);
HFeO3 /FeO7;-
Fet++ /[FeO7;~
FeOH++/FeO7-
Fe(OH)} /Fe O~

pH = 10.53
pH = 4.69
E,= 0.711

E,= 0.914—0.0391 pH
Eo= 1.19/—0.1182 pHi
E,=—0.675+0.0591 pH
Ko= 1.001—0.0738 pH
Eo=1.700—0.1580 pH
Eo= 1.652—0.1379 pH
E,= 1.559—0.1182 pH




]2. TWO SOLID SUBSTANCES (°)

Limits of the domains of relative stability of iron and its oxides and hydroxides

o= 2

12 Fe
-4 2.67

13, 3Fe
=+ 3

14, 2Fe

-2 2.67

1. 3FeO
-2 >+ 3

1. 2FeQ
—2.67 >+ 3

}Z, 2Fe; O,

—+ IIQO:- FHO
—!—.iH_:O: Faao.ﬁ,

+3H, 0= Fﬂg 03

+ H,0= Fﬁa O;‘

—+ Hg O= FEEO;]

+ H,0=3Fe,0,

+2 H+

+8 [+

+6 1+

+2H+

—+2 H+

+2 H+

=2

+8Be—

“+bhe—

+3 e

—+=2e

+ue

.

Iy=—0.047T—0.0591 pl
lio=—0.085—0.0591 pH

. Eq=—0.051 —0.0391 pH

0.039 —0.0591 pH

E,=—0.197 —0.0591 pH

. Eg=—0.057 —0.0591 pH
b,

0.271 —0.0591 pII

0.221 —0.0391 pll
1.208 —0.0591 pH




2.3. ONE SOLID SUBSTANCE AND ONE DISSOLVED SUBSTANCE (°)

Solubility of iron and its oxides and hydroxides

—+ E[z D:
== HED=

2FeOH+++ H.0O=

L=+2
18, Fe++
19. FeO
L ==13
20. 2l er++
21.
22, 2Fe(OH)}
0>+ 2
23. Fe
24, Fe
0 -3
25. Fe
+ 2 === 2. 07
26. JFe++
27. 1HFe(;
+ 2=+ 3
28. 2 Fe++
29. 2HFe O3

+aH, 0=

+4Hs 0=
+ H+ =

4+3H. 0=

FeO
HFe (3

Fﬂg 03
Fe, 0,

Fe, 04

Fe++
HFeO3

Fe+-+-+

Fe;O,
FES O;‘

Fﬂg 03

Fe, O,

—+2 H+
-+ H+

+6H~+

+3 H+

+ HaO -2 H+

-2
+3H+ 42e—

+3e—

+BHY 4pe—
+2H:O+2e—

+b6H+ 42e—

+ H3O+42e-

log (Fe++) = 13.29 —2pH
log (HFeO3) =—18.30 + pH

a. log(Fe+r++) =— 0.72—-3pH

b. = 4.84—3pH

a. log(FeOH++)=— 3.15 — 2 pH

b. = 2.41 — 2 pH

a. log(Fe(OH)}) =— 7.84— pH

b. =— 2.28— pH
Ey=—0.440 + 0.0295 log (Fe++)

L T =

Ey= 0,493 —0.0886 pH +0.0293 log (HFe 03
Eo=—0.037 +0.0197 log (Fe+++)

E,= 0.980—0.2364 pH —0.0886 log (Fe++)
Ey=—1.819 + 0.0295 pH —0.0886 log (H Fe 03}

. Ev= 0.728—0.1773 pH —0.0391 log (Fe+~)
= 1.057 —0.1773 pH —0.0391 log (Fe+~)
Ey=—1.139 —0.0591 log (H Fe 03

Il

—0.810 —0.0591 log (H Fe 05)




Solubility

Important to

* Release of radioactive species

o Accumulation of deposits on SG surfaces
* Flow assisted corrosion

 Preferential release of alloy species




Solubility of iron at RT in water.
O 2 4 6 8 10 12 14
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FiG. 2. Influence of pH on the solubility of
Fe(OH),.

Minimum solubility is the goal of water chemistry treatments in nuclear plants
to minimize both the deposition of iron on secondary surfaces and the deposition
of radioactive species on the primary side. Minimizing solubility is important to
minimize flow assisted corrosion (FAC).
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Solubility, mol/kg H,O
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Preferential dissolution of Cr

Solubility of Fe, Cr, Ni at 300°C
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0 Chromium Dealloys Cr
8 _‘-;—*_‘:_T_—;\: __ . _E‘l et 13
0.6 1.2 1.8 2.4 3.0
Depth, pm
Lumsden

Different solubilities means

that, at one pH, some species

will dissolve preferentially leaving
the surface enriched in other
Species.
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Applications of E-pH Diagrams




The superposition of half cell equilibria predicts
what reactions can occur

E s
. [ —Two
Potential ‘.b/insides |
‘ VfTwo
\[—a ! Outsides
Fett
e f,f;
Fe T'/
pH
Since:
Fe+2H"— Fe™ + 11,
Then:

The two outside species combine to produce two inside




Combining the water and metal equilibria gives boundaries
of aerated and deaerated solutions. No potentials can exist

outside these boundaries.

T Fe? e Qzﬁ
E HZ() | %
Iron is
soluble Fe, 03
+
H Iron
i SO passivates
HE - [ -
Fe
Iron is ik HFEO2
immune Iron is
; soluble
X Rt g
Iron in PH Iron in
deaerated aerated water

water




Hydrogen is added to the primary system where no

boiling occurs and is stripped out in the secondary system by boiling;
these changes produce important effects on the potentials

and the corresponding corrosion of these two system.

(a)
= 2H 2"
H, = 2H*+2e | e

, ” o BT
HZO ..... wﬂ? i nF P H-2.3F log PHZ’
Hy T
E
\ Increasing hydrogen

lowers potential




Put Both Half Cells on a Map of Potential and pH

E

Potential
(involves
oxidation, and
reduction)

0
[H]=1M

E =

Material of construction (Fe)

(involves no oxidation, affects
solubilization)

 Lowering the
concentration of
hydrogen raises the
potential in SGs.

* Raising the

concentration of

hydrogen in the primary
system, lowers the potential

Environment




E-pH for iron from RT to 300°C
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Potential Affects Environmental Reactions

T HY H,O
E v H,
Potential
M+
M
pH
( N T
H,0 +e— 1 H,4 {)I-lﬂ ©)
s i .. S
\ Reduction reaction
produces alkalization
H,0 H,
HO+ HY

@ H? into metal




Potential Reference to Hydrogen

Equilibria at 300°C and pH;;.c = 6

All values calculated at pHzgpe =6
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0.8 —
Ni304
0.7 —— ]
Hydrogen i i
e Pressure Cr,04~
o — (Atm) E—— CuO
l Cl"zﬂa P
Al
e “}vH ;’l.l:li“l-"it}" Pb
Species
04—
i
0.3 —— ——
1ot Fe 05 102 Cu
02— & —_—
\ FE3ﬂ 4
: 102 104
0.1 — I ppb Hj = 2x10™ atm33gec Hj NiO
- Ph/x
0 10° i 106
Hydrogen Electrode Ph
IMH" G i
0.1 — . ]“] 1ATM H] I"EzNIﬂ_t
Fe, Ni
-0.2 — FE_;D_I_
Fe
Rdr— 1 ppm H, (330°C)
04—
Hydrazine
0.5 —— b
i Ni (:1‘1[}3 CrINiﬂ-l-
0.6 ——  —— —_— —_—
N,H, Cr0O Cr, Ni
Cr




- w
B

E-pH diagrams for water
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E-pH diagrams for important materials
and their significance in LWRS
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E-pH of titanium at RT and 300°C
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FIG. 1. Potential-pH equilibrium diagram for the system titanium-water, at 25°C.
[Figure established by considering, as derivatives of tri- and tetravalent titanium, the
anhydrous oxides Ti, O and TiO, (rutile).]
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Mo is totally soluble in

practical ranges of pH and potential

Fuel cladding of Zr exhibits
broad range of stability

E-pH diagrams for Mo and Zr at 25°C
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Comparison of E-pH diagrams for Al and Ti
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Comparison of E-pH diagrams of Al with Sn and Pb
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Conventions for E-pH
INn agueous solutions

. When metal is soluble, it is taken as corroding; when
the metal is noble, it is taken as not corroding; when
the metal forms an insoluble compound, it is taken as passive.

. While the E-pH plots are constructed in terms of half cells,

the chemical reactions are actually with respect to the hydrogen
equilibrium with one atmosphere of gaseous hydrogen and unity
H*. A hydrogen reference cell is assumed although any
equilibrium half cell can be used if properly calibrated.

. The zones of corrosion, passivity, and nobility are
taken at 10-°M activity of relevant species.

. Equilibria can be superimposed on a single diagram to assess
whether reactions between the species might occur.




Kinetics and Mixed Electrodes




Equilibrium

1. Stability of materials defined by E, pH

et
Bt

Hi=
- Hy T

'“"-\‘\‘_
pH
2. Equilibrium half cells can be manipulated
2+ _HT
: Fe
3+
Al Fe H,

Al
3. Environment at metal half cells define
domain of corrosion

Boundaries of corrosion

pH

4. Equilibrium definition for kinetic
reactions is knowable

Kinetics

5. Algebraic sum of all current is zero
iy +2i.=0

6. Currents relate to areas and current
densities

2SaJatZscje=0

7. # 5 and #6 gives mixed electrode including
corrosion potential £, at corrosion
current j,

fog |
8. Separation of reaction rationalizes local cells

Cathode

ailia, |
g lﬁ-“l\-ﬁlludr

9, Electrochemical reaction includes flow

I'fanJ

Region of mass

transfer, limited

Reduction of Hy O reduction of oxygen

Oxidation of Ha

Low axvaeen, low flow

High oxygen, high flow




Current and weight loss

Connection of Electrical Current and Corrosion
(Faraday’s Law)

i A
current atomic weight
coul/sec g/mol ixA
penetration rate, ;((cmfsec) = =
§ n F sxnx Fxp
surface area equivalents Faraday density
cm? per molecular constant g/cnp

weight coul/eq
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Corrosion tests verify “corrosion” region

(a)
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//
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9

Bt e '
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Nobility

Fe

HFeOy
orrosion

(b)
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H,O 1000 mm/year % ]
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H, ~ 30

2 Corrosion =~ - 3
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Terminology of Electrochemical Corrosion

Homogeneous
AP+ HT
: {)rlgmal
ey _T_ yte—-H; __snrl"ace

r’f /E“ E/fﬂ'” ;E“//

[}tldatmn and
reduction together

Anode

Produce electrons

Number of electrons produced =

Oxidize (oxidation)

Acndlfy e.g., hydrolyze
2AB* + 3H,0 — ALO3 + 6HY

Separated
H+
A£3+ l +e — Hz

i

o

Oxidation and
reduction separated

Cathode
Absorb electrons
Number of electrons absorbed
Reduce (reduction)

Alkalize e.g.,
2H»0 + 2e- — 20H™ + Hy




Main Modes of Corrosion
(general and separated)

General (uniform) Corrosion Separated Anodes and Cathodes

Homogeneous
prcra @) = Anode ©
Original
_____ t __l*‘"—" — H surface

Crevice corrosion

e rof
, L/ _ ‘f/ / * Close
: : , : / I @ surface
Oxidation and _ ) lm;udmp]ete e
reduction together \ : \ ha WS Oxidation and

reduction separated

Crevice corrosion

Galvanic cell
under a deposit

- @ ©
© /_\"Q::USH Active e.g., Al E:-c’:-mn

_ Oxygen cell  gigh fiow,
Accelerated pitting o — High oxygen
with Cu, Ni efficient low oxygen ETE
cathodes Cu. Ni TN el TS

efﬁcient - 0 " 0 Of Df J,DI
NRR 7B/
e
k \ ) f / / / /f




(a)

Configuration of chemical reactions and deposit
before and after formation of deposit

1 e -
~—1/,0,+ H,0 +2¢ > 20H

Alkalize on area, Aa

Iron oxides

Felt + 2H,0 > Fe(OH), + 2H"

Acldlf' cation

Impervious to oxygen

E(V)

(b)
FEiF
0,
HO e
Fe?* Initial surface:
1 Hzo f— FE 0
3
2 e
i'! S &.U \
Anode area with cell
Fe

™ Cathode area

with cell




Dominant Dependencies of Electrochemical Reactions

(Not including flow)

Az
Cu, Ni around pit
Iﬂ, = Ajﬂ, /;_[;;mal (# E,) - exponential
-{E—Eaj
QA f“\
A is area ﬂf electrons - Jpis exchange current
geometrical, 4,/4; is area density
ratio
Ai 10712 Afem? (Pb, Sn) — 1077 (Fe)
3 N
Separated local cells ) el mf

Hy=2H" + 2e half cell
@ Area effects are relatively modest
@ E - effects are more important, e.g., oxygen

Exchange current is most powerful. Range 1012 — 10-2, The deposition
of Cu or Ni changes the efficiency around a pit relative to Al by at least 103

Separated local cells, 45/4;is>=>1




Thermodynamics
bounds kinetics

e Activated kinetics, film free
e Passivating Kinetics
e Flow limited kinetics




Equilibrium half cells from the
E vs. pH plots define Kinetics

R
y —>

I
Oxidation of metal—_
M — M+ 2¢

Oxidation of hydrogen
HZ — 2H + EETH

o Reduction of water
2¢ +2H — H,

«— E
f

corr
f(‘ﬂrr

Oxidation of metal
equals reduction of
water

Reduction of metal (plating)
M +2e > M

pH
Corrosion Potantial, E_

1. Between two half cell equilibria

log (rate, current)

2. Defined when rate of electron production of
oxidation equals rate of electron absorption

by water

3. L'u(r"Z) < E, < EU(%)




The actual current cannot be
measured directly but can be
found by extrapolating to E;
from either or both of the
anodic or cathodic elements

Another apporach is to use
the method of “linear
polarization” with an extent
less than about 10 mV

Anodic

Cathodic

log j

§ e AE
Jeorr=— Cf p .ﬁ—j
where
_ I
Tl )
Ba  Be

Y




H+

The net current is seen in the system of external
measurement and is the difference in current between
that produced by the anodic and cathodic reactions

E

4

Fel+

Experimental
curves

Fe

pH log j




Submerged anode

MREHI anodic response

As measured

/— Real cathodic response

log j




Activated and passivating Kinetics
combined “active-passive” behavior




Potential and pH Affect Reactivity and Nature of Surface

Mass

I M++
transfer
W limit
J ,
L%

Metal dissolves
- Mo mass transfer limit

———

540

A

Fe, O '
[ Ii ;ﬁ"ll.:_-‘( Dy

v

-

Passivated
_/ by Fe, 0

-

Fi.','_;{ :'4
@ passivates but
> not so well

®

Fe Oy
s //J‘
logi —
Metal Fe; 0
passivated
by Fe,()
2t W”}
Fe,()y stable

Metal dissolves

- No mass transfer linmt

logi




Potential Affects Rates of Electrochemical Reactions

A
FE fp - Dissolution as increased potential
produces more defective film
‘\“‘—Film breaks down at this potential
Current does not depend on
potential but only on rate of
dissolution on ionic species
~— __/_—_ At peak potential, compound forms
M— M+ 2e G
A : | = j o*A (E - Eg) Metal dissolves with no
P o e R e W = ___  protective film
++
— M7+ 2e —M
———————————— == 1=j,e B E-Eo)
log i
E,=E +23RT 150 vt

nkF




Transpassive
region:
dissolution
increases

as passive film

becomes more
Epir Film breaks down at this potential defective

Passivating

/ Ipﬂ.‘-‘.‘:‘fl’ﬂ.!'ﬂ rggfﬂn:

: Current does
/ E ussivate’ Passive film becomes stable  not depend on
At peak potential, passivating ~ potential but
compound forms only on rate of

E'= a-ﬁypﬂ- E-E,Ifagpﬁ _______ £ (10 dissolution on
4 & e ”’( , ) E_, also Flade potential ionic species
o o s e A | S PP
2 g S Emrr(”-’” ) —j=j.exp + [By . (E-E,)] Region of
1 -‘; 2 i “activated”

E’=E? +—‘2'£ ﬁ.TIﬂg JFe? 1™ e i s ;7" ';}";) # E,,( %J .:Em;{fﬂﬂ (not
+ 2e" v . : active

j:(i"e-i‘*) s Fet = mmmmmTm T “J=hExp- [180; o {E-EJ] corrosion ”J:

Fe? B Metal dissolves

g with no

log j protective film




Combined reduction reactions based on oxygen and water

E E L x
A A A8

JrLH+

pH logj




=

Potential, Vi

g9
I

=
-

=
i

L]

=
Ky

N8 -

-1.2

-1.6

"0_2

0

Corrosion

Al¥

] FrTE Polarization response for
WS O S > aluminum in alkaline solutions
1 1 1 1 1 ] 1 1 -__

Response of Polarization Current Density for
Regions of Corrosion and Passivity

1 Region of pitting

Polarization response
for stable aluminum
oxide on surface

S

Al — AP polarization
response for aluminum
in acidic solutions

Passivity
Al O4 Corrosion

log j
( j = current density)




Polarization curves for Alloy 600 exposed to concentrated

solutions of NaOH at various concentrations
100
E  Alloy 600MA
E 325°C .
- IGA oceurs 40%NaOt ff
v
10 - ;s‘
- -
Lo | — j‘f \'_f/
8 f 4
< i ; 4%NaOH
Er 1 & r”304“ FHCut+Cul fff
ey - 11 "
o - 1 ¢
= = 1 HGA occurs
= fi : 1| / 0.4%NaOH  _——""
i B Iil | f il .-"f em—rr—=
E i[}-] :_ :I |';rlr-.'|l ‘IGJ"'I- QCCurs / ‘-“{
II=-I — : J'I ‘ ;‘H o
- [ | AN ,.--'f .-/
5o g
e Iy & ] I T;
i Fe,0, M7 |
3 | r r 0.04%NaOH
10 E [ g
= 1 Fes0, I|
= +Cu+CuO | l
B | | ;
- ' ||
Ll il |
3
10 15 -1.0 0.5

Potential, Vg




Comparison of reduction of nitrates (oxidizing)
and non-oxidizing acid

NO 3

= NUS- + 3+
2H+ jmrr, N{Jj.' 2H+

+ e

Fez'i' .
f FE2++2 : Jeorr, H
Fe! Fe = Fe2t + 2¢” Jo,Fe € < Fao
{ - o
0 2 4 il 8

pH log j




Implications of rate
of repassivation on
the corrosion at high
potentials in nitrate
solutions.

{a)

NO,

Fe®
Fel ‘l' Fe=Fe?' + X

i)

———4-- ‘ff,,r:;::_ll

: 'EI L Fo
II.E.I'-l
i b & i " .’f_ilfl_jl'
pH ;
B (©)
4 |
_'_'_‘_,_,—""f’” AL
e T -1
e Imitial passive current density
Nﬁ 0.5
=
Prototypical ;2
active-passive = HeiL@

polanzaton curve

log j, Afcm?

log f, sec




Comparison of the reduction processes for Fe and Ti In
chloride solutions

E 150 Aerated E &

2.M¥
1.50
IEUE

[ o

oo
Ha-

L5l

=1.0H0

E 250

AT B
Jo,Ti Q‘
+

*
_I CErFr




Effects of multiple anodes

FE 130 FEisty
Zn
AW T PRI
15T LEn T ﬂﬁ ZII{}I
1.0 1 .09 40
1 o 0,20
i, i
L 1 (TR TR Zn(CIE),
.50 1 50 L ; 3
. ),
Lo HFeO 100
Fe
150 130 in
L er———eer e -1.IM}
-2 Ll 4 ] L] e 12 14 -2 u 2 4 a ] 1 13
PH z57¢ PH 350¢
4 Jeorr. E core (M0t connected with Zn)
E Foor E o JOT Z1t without Fe
‘?ffat J‘ ) P
Fﬂgi_% 5 JZinc
e~ -
e JFe+Zn

Corrosion rate j.,p of Fe in
the presence of both Fe and Zn

14




Schematic view of the effects
of flow on the corrosion
current density in an E
oxygenated solution

: 23RT Jo. 23RT Jo,
E= ; = log——+ ~log [ I- —
I{,.P z.r;_‘{ = ﬂ{J:J Jo.o, zﬂ:(f— ﬂ:():jf' S0,

—_—
-

e % 0.+ H.0+ 2¢" — 20H

Vertical line shows reaction rate depends on
mass transfer

j.f'. ~ flow rate amil to concentration in solution

When Mlow decreases, —
‘ potential drops

PN - o
JLo," 7 5
/ }/ILAH“

\ Ioe ]

”U_—- nF ('13. g:

Jcorr

Flow
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1.50

100

(L]

LIRLIH

50

4 G 5 1 12

Effects of oxygen concentration
on the flow limited
oxidation of Fe

H,0,/H,0 (Radiolytic Products) PLGS

....... (8)... ineeenecics Oy 50 STD.
L
288°C
¥
E ELILL
% L1
& LI
AR 1 10 (LR LT LR *
Dissol d D "Een, b
@ —Fe,05/Fe;0, 00 XYEEn- PP
- gy oo o I A H,0/H, PLGS
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@ LF'E — F'E';ﬂi ,"H_Fe:](-}-lﬂ FeO/Fe
....... 5= et bttt e B 3 ST,
I‘1EJD4 — FE
-

Current Density




Direct polarization measurements on passivity of iron

6 8

10 12 14
| T

I I |

ot 8 ]

o

log current density (mA/cm?)

Iron

L 6 8

315
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+
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1 |
10 12 14 pH

(&)

(b) Passivation current densities.

(a) Passivation potentials.

Fi1G. 8. Influence of pH on the conditions of anodic passivation of iron.

Pourbaix




Thermodynamics bounds kinetics in electrochemistry and metallurgy

] (a) (b)
I
a3 | Solution pH
) |
P
MOy
I
MO
E AT i S, - ____E___ Ty e -
e
. T R~w px=xtse |00 |EBE&EYT = —F.
3 :
i e E, (MY e — — — = ————
B MO B
| I (M
pH log i
Liquid (c) (d)
s S e

Alloy composition

X Time




Factors Affecting Potential:
pH

Tc

1\ v

Crevice pH
Acidic)

I AE due to
acidic pH

Tube

por
/f’ /p / Crevice pH
(Alkaline)
AE due to
alkaline pH
Tube pH




Comparison of SG conditions with static autoclaves in terms of

hydrogen half cell equilibrium

(a)
Standard hydrogen equilibrium
E=Eg— 23 R1 L 23 RI1
F 2F

H,O somewhat

}
H,

steaming
Adding
hydrazine
lowers
|}ﬂteutial\‘>{;zigtg:rgﬂ

log PH,

]
Hydrogen
reduced by

in crevice

" "
Primary
system

Hydrogen
accumulates —
in autoclave

(b)




Corrosion In Superheated Regions




Lower residual

stresses \
Modify intentional

water chemistry

» Lower dissolved-solid
impurities

* Minimize oxygen

* Raise N,H,

* Add boric acid

* Complex amines

» Minimize copper

* Add inhibitors, e.g.
TiO,, Zn

» Add dispersants

"V

Maintenance

Tubing alloy

Early alloys Modern alloys
Alloy 600TT

Alloy 600MA = Alloy 690TT
Alloy 800NG

Alloy 800NG —— Alloy 800NG
Type 321 SS —— Type 321 SS

Tube-support alloy

Carbon steel to stainless steel

Geometry

Drilled hole
with flow holes

to line contact @@

000
000

» Chemical cleaning

* Sludge lancing




(a)

Steam

Deposit _"'

Primary
| water

Secondary Tihe
Wfllfﬂr support
e, e —

Estimated Concentration in

(b)
Concentration of Impurities in Crevices

10’ 7 i i i i
E C-f'; Concentration Factor =104
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g
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2 ~
| ol
e
wn =10
= 3
&
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= [ B oF -
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Concentration in Bulk Water, ppm
(d)
SCC on Secondary Side
1811 2700 i o 180°
| | | | |
Imitial | i i i
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i | \ % 5} | i
Secondary i : \T‘I I” k : :
side of tube A 1 .
wall adjacent | | T | | |
to drilled hole | | | I |
| ' T T 1 |
|
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(a)

(c)

Cracked Specimens, cumulative %

Cracked Specimens, cumulative %

Test Time, hrs.

Test Time, hrs.

10 o mul 0 B 1,000 10,000 10 1 100 1,000
i ] mda. maos.
e (1 day) | (:n ) ) l) - ( ; :lH . (1day) I(h:vk.) (1 n?ul.} T -
+ T3048s 4+ =
100 ppm NaCl =
sof P \ 102
1 100°C FECI3 il w
g
60 -t 4 60 =
80°C =
-+ L‘CaClg + &
40 -+ T4¢
T NaCl T 2
=3 = i =
20 T304 SS 2 =
-+ 100 ppm chloride &
100°C s
100 — — — W PR
i 1500ppm CI L
30 — :,:;g:g:; ilty Electrical
distribution connectors for

T304 S8
NaCl
100°C

- for 10ppm CI”

- water wi

10

I{l ;-.-k.)_ (1 [.m:-} (6 :;lns.}
100 1,000
Test Time, hrs.

(1 ;a}'}

10,000

Distilled, deionized

chloride additions

direct resistance
heating

U-bend test
specimen of
stainless steel

th controlled

Pyrex glass
wool wick

(b)

(d)
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(a) T

Evaporation (b}

i of volatile e
Primary |/1UD€ 4 =7 PEE o ity iron oxide deposit (©)
Steam water, Ty, Wall| =- ,
— = Bulk secondary side water/steam :
i o T-‘i {secondary side, steam) 1 (C1-, HCT)
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" i : i".“‘fr]"fz’.te'.l surface Tpy —T¢. gt g4, 82+ 8, 829
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Chemical inside the superheated region
and outside composition of surfaces of
steam generator tube

(a

) Plant A

‘White Deposit | [Dark Deposit] (b)
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Onrganie species + B B
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Cu Cu Ca,Si5,0s5(0OH)g,2H,0
;““—D—\ﬂ%ﬁ Magnetite  Greenalite Kellyite
Fe;0, Fe;Si,05(0OH), (Mn,Al);(Si,Al);O5(OH),
Nimite

Mn.Ca):Mn,0,-,15H,0 : T
(M, Ca); M0 150 i Mg, Al (Si, A0, (OH),

Xonotlite Hematite, Maghemite

L
Si Ca Mn Zn Cu
100pm L]
Willemite
\I Zn,Sio,
_{ Ca;(POy),H,0
E
= Ca(SO,)+Ba(SO Y
& (504)+Ba(50y) [Zn] |
=
= Si -
I [ Gel [Ni] [Cu] Ly
e | Organic Species [
L jII.ITI 4 5h 4
¥ r ] o— As.S L 1.
CuZn [FeCr .O'-'. ‘--.'Q_-‘_— Ba(S0,) 1 L =
— O e L, o/
NS 77777 Ve Suppart B ine ™~ CAsSh L TR

(with Pb) analysis




(a) (b) (c)
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Obtuse
angle

(a) /
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water

)

© 7
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SCC due to Pb at line contact crevices

(a) (b)

Secondary
water

Inner

(c) (d)
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Dependences on Potential




orrosion Potential, Vi
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Correlate with Potential and pH




Lprutect

Dynamic polarization as a means for
determining stability of protective film

No hysteresis

Epmtect T

Hysteresis indicates
unstable passive film

log j

log j




Ey (V)

+2

+1

Measuring effects of chloride on pitting occurrence and
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Outside surfaces compared with sequestered conditions with re
to E-pH diagram for Ni
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Potential, V,
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Modes of corrosion of iron and steel compared with E-pH

Potential, volts, copper sulfate
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Submodes of SCC for Alloy 600MA in high-temperature water (>300°C)

2.5{] i i i L i i i i i i i i i i i
2.00
Other contributors to
the “mode diagram” 1.50
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= 1.00
e Parkins >
» Pourbaix p—
« Combrade -E 0.5
» Tsujikawa =
* Nagano E
g = 0.00
=W
-0.50
-1.00
-1.50

-2.00




Potential, Vy

1.50

1.00

0,50

B

-1.00

-1.50

NiO

—— Environment 4b
Acidic crevice
plus oxygen

Patterns for
electrochemical

— Environment 4a I

Acid‘ic deaerated prOCeSSGS Wlth

crevice respect to Ni

| Environment 2 E-pH diagram

Oxygen added to
free surface

—— Environment la
Deaerated free
surface

— Environment 1b
Hydrogen added
to deaerated free
surface

— Environment 3b
Ni(OH), Alkaline crevice
plus oxygen

—— Environment 3a
Alkaline deaerated
crevice

—— Environment 5
Inconel coupled
to mild steel in
deaerated water

—— Environment 6

Hydrazine added




SCC and other
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Mass balance for Pb in SGG

Steam

-

Hideout

Feedwater ==

Blowdown

Feedwater transport
- Order of 10ppt
- ~200 - 500 g/yr

Blowdown transport
- Order of 100ppt

- BD=1% FW

- ~20-50 g/yr

Steam transport
- Assume ~0 g/yr

Hideout
- Still order of 200 - 500 g/yr

* Average yearly accumulation on SG

tubes at TSPs ~S00 monolayers/yr
based on 200 g/yr hideout




PbSCC as function of pH
and potential

[From Kilisn, 1993]
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SCC and spalling of Fe-Cr-Ni alloys in Pb solutions

(a) b)
Weight gain (mdd) after 4 weeks Max. depth PbSCC (mils) after 8 weeks (4. 2 week
Deaerated water plus 10g Ph periods) T35

powder
316°C, H, or Ar in head space
Pure water or adjusted to pH 10
intially with NH ,OH

Significant
PbGC

{scaling)

30 s

87

o 11 04
a0 " ®02

e *10  Note: Scale penetration velocity

1 316°C, H, or Ar in head space

Alloys MA at 1149°C or SN +677°C-
2 hours (little difference noted) 7

20

Deaerated water plus 10g Ph powder

Pure water or adjusted to pH 10 intially with
NHOH
Alloys MA at 1149°C or SN +677°C- 2 hours (little |

?-::- difference noted)
o No PbhSCC 1
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All eracked T

Q o

Note: Crack velocity, m/sec= ¢
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Iron, W/,

Modetate| [ &, (m/sec) = mdd x 4.26 x 10-12 L
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2
E 4
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&
k|
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Alloy 600, E_,.r» S00ppm Pb, simulated upper bundle pore chemistry

0.01mFe3;04+0.05mAl,05+0.3mSi05+0.15m KOH+0.04mHCI
+1.5m Na,SO0y, 500ppm as PbO+6ppm H,, pH3300=9

(a) (b) (c)
Alloy 600 MA; tested 840 hours; Alloy 600 TT; tested 2770 hours; Alloy 600 SN; tested 1150 hours;
as rec’d; mod Huey=15 mdd 1300°F/15h; mod Huey=32 mdd 1100F/18h; mod Huey=1052 mdd




Scaling of
Alloy 800
at elevated
potential
due to Pb

1.3x10%m/s — |
of penetration

Alloy 800 SG tubing
Neutral crevice chemistry

(a) 101 (0.15M Na,SO 4 + 0.3M NaCl—r——
+ 0.5M KC1 + 0.15M CaCly, e
3oneC

=10 -

-3.0
=
W
E .50 With 500ppm PbO |
=

Without PO N\
=7.0
9.0 1
= peak
"11.-0 T TY N T Y T R N W TN 71 S TN TN -
17 Lot 103 1074 103 102

Current Density, Afem?

(d)

i
Metal |
Su bstratg

Adherent seale, 500ppm PhO

Without 500ppm PO

Non-adherent reaction products, S0Mppm

Alloy 800 SG tubing samples, near active peak for 24 hrs.
Nentral crevice chemistry (0.15M Na;50, + 0.3M NaCl + 0.5M KCI1 + 0.15M CBCLZ}, at 300°C [From Lu, 2005]

(b)

(c)




Intensity of PbSCC

Dependence of PbSCC on pH and alloy

690 TT
MA
i 600
600 TT
Chloride Acidic
oo
Sulfate Acidic
—O11
Acidic Neutral Alkaline

(including AVT water)

pH —»
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* Alloy
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Generation of low valence sulfur in SGs by reaction
with hydrazine

Steam Transport S* (H,S, HS")

SCC Accelerated by S*

— — — — —
T
Jﬂ L-x S?- Deposited on

s T blades, rotor,

attachments
(a)
N
\Il|ll",l : II‘
chs
N:FL. + SDJ_" SI'(st, HS'} —'*-’. - %- l:h:l
Tf‘é::_._ \I H -"'Fpﬁ_'rﬂm 1 eracks

Axial entry fir tree

(c)

Notch entry dovetail




Flow Velocity

FAC and mitigations: oxidizing, Cr in
alloy, raise pH

Oxidation reduction proportional to flow

Intersection with active-passive character




Flow assisted corrosion, Mihama-3, 2004

(a)
Schematic of PWR Plant

Frimsry Clrcsh Sreemdary Cireult [h}

Lo i
=y

Privaary Loog

= 22 ws, L93MPa, 142°C, B.6-9.3pH
+« 185,700 hr. operation

- 250 rrvm
560 mm dia
17 14 mm wall




Loss vs. flow and temperature

FAC
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Z 01 =
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angle

(a) /
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water

)

© 7

_ T¢=~285°C(-)
V=1 m/sec

Acute
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~50 MPa OD
surface stress
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“O pen”
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V=average water velocity Surface temperature
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(d)

surface tensile stress
Chemical intensity

(concentration, pH)
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' 0 MPa

Peripheral Distance from A to B




Gradients in Potential




Potential (E)
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(2)
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Tight Cracks




The Fracture (a)

Mechanics Paradigm

The ATEM Paradigm

= 5 A paradigm shift
S ol i enabled by Crack tip width in the
CTOD =2.5x 10" nm to ATEM range of 1-3 nm
5.0 107 nm observations
(h) ()
Fracture Mechanics Paradigm ATEM Paradigm

e X LN
ACTOD = 2500-5000 nm

(d)

Fracture Mechanics Paradigm

ity I
erack depth

D—mé: :
Lale = 3500-5000 nm

2 . %“—Piuﬁﬁu FOne
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i

rﬂ=fx1{15 i
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Uncertain distribution
of dislocations
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Meanings of 1 nm width of SCC crack tip

Three metal atoms

Two sulfate ions

SO

Two electrical
double-layers

depositions
@ @

Two monatomic
underpotential

(¢)

1 nm

Local crack tip
solution is saturated
with metal ions

Saturated
metal ions
.and water
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(b)

Passivates in local
environment

Oxide, metal compounds grow
even after propagation

High local
stress at tip
of crack

(c)
Apparent Options for Crack Advance

Surface energy lowering embrittles
Brittle films due to dealloying
Oxygen diffusion in grain boundary

Hyvdrogen facilitates movement of dislocations which
causes barriers to fail

Cold-work embrittled layer at edge of plastic zone-further
embrittled by hydrogen

Vacancy from dissolution produce crack nucleus
Brittleness due to surface-film formation

Film break and repassivation

Film thinning and increased reactivity




Primary and Secondary Deposits




Steam generator deposit formation Steam

Corrosion

Feedwater products Oxygen /
impurities ingress ml M
f

/A
1

Reduced heat transfer

C Tube corrosion

Feedwater 2.

O
inlet ' ;
Separator deposits F\?}i@ ﬂ
. UUH B C-”J'y Thermal hydraulic instability
Tube surface deposits % | .
Enn ::> Increased maintenance
Support plate blockage —— > “‘ * J' ik Mo it e
C:? : chemical cleaning
Preheater baffle sludge IO WEH
T+ % Increased inspections
Tubesheet sludge piles < nn M %
= X % Forced outages
5( Replacement
L o
Primary Primary
coolant coolant
outlet ‘ inlet

Periodic removal by chemical or mechanical means




Primary to
secondary side
heat transfer

Copper metal inclusions

Mature
growth ph ase

| Beginning
| ~of growth

\\Ehaﬁﬁ
. Initial
o particle

1 attachment
N

Tube wall

>

/

-
' b 24

T ——

ANOH)

gy

Fe

Steam flow

Fe{OH)

cu2+~

Water slugs
.

Diffusion of FeQOH™"
Fe(OH), and Fe,™t

Large chimney

Mature capillaries

Inner laver consolidation

Chimney clogging

Steam escape

Chimney birth

Particle growth

Fluid phase particles

Nucleate boiling site

Tube surface oxide




Deposits on fuel and acceleration of oxide growth and perforation

{a)

Lirconinm alley fuel rods

(c)

Erﬂ;
COrrosion
product
 |Zirconium
L alloy Deposit
R accelerated by
. 7t heat Mux and
U0 fuel impurities
) e
EY ‘- ‘: ‘ T=
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Zirconiu
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ilay

ransition Rate Constant (k).

(b)
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7
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T 1 T
B Linear vate constant, k)
2 Cubic rate constant, k-

i Zirconium Alloy

ke =636 x 10! expl-13,6301
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UTx108, K

(d)
Original thickness
of zirconium alloy
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P
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Increased deposit at
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raises temperature

Temperature
profile at
perforation
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Deposits containing boron on fuel surfaces: produces local

variations in neutron flux.

/ Nickel oxide needle @ Nickel Ferrite
- NiO g Ir0O;

N\ Bonaccordite (Ni,FeBOs)

Fe" (aq), N

i2* (aq), particles

Concentrated
lithium and boron

Deposit formed on fuel
surfaces including boron
to give “axial offset anamoly”

from Byers




Surface Mechanical Reactions
Depend on Potential




Kinetics of film breaking
and repassivation

(a)

1 T T T T T T T r
s free REjltytion Transiently strained about 3%
‘dmﬂalnr-:: b - with peak £ at TN %a/sec
0= ' —Film-free Borate buffer solution, RT
curvaire
-1 Fe Intercept defines m
e i repassvation 600 seconds
E : coefTiciont, a (10 minutes)
2 2 from Figure “c” B
= ; ]
=l , FERY i=at"
B3 i Repassivation slope, n : |
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Dislocations at films: surface slip interacts with electrochemical state
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SCC In Carbon and Low Alloy
Steels Depend on Potential
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Expanding corrosion
products
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SCC in RPV Welds and
Boric Acid Concentrated
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Conclusions

. pH and potential dominate the corrosion behavior of metals in LWR systems.

. Findings based on pH and potential provide the best means for predicting and assuring
the reliable behavior of metals in nuclear plants.

. Experimental work based on frameworks of potential and pH have the most

credible bases for correlations with findings in operating plants where such measurements
have also been taken. Also, such frameworks provide credible bases for comparing with
experiments among the world laboratories.

. Considerations of materials of constructions as chemicals should be compared with
configurational designs with equal emphasis to provide the most credible bases for assuring reliablg
performance.
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